The relative abundance of nitrogen-fixing species has been hypothesised to influence tree biomass, decomposition, and nitrogen availability in eucalypt forests. This prediction has been demonstrated in experimental settings (two-species mixtures) but is yet to be observed in the field with more realistically complex communities. We used a combination of (a) field measurements of tree-community composition, (b) sampling of soil from a subset of these sites (i.e., the local environment), and (c) a decomposition experiment of forest litter to examine whether there is a local-scale effect of the nitrogen-fixing Acacia dealbata Link (presence and abundance) on nitrogen availability, and whether increases in this essential nutrient led to greater biomass of the canopy tree species, Eucalyptus obliqua L'Hér. Average A. dealbata tree size was a significant predictor of forest basal area in 24 plots (12% deviance explained) and, when combined with average distance between trees, explained 29.1% variance in E. obliqua biomass. However, static patterns of local nitrogen concentration were unrelated to the presence or size of A. dealbata, despite our experiments showing that A. dealbata leaf litter controls decomposition rates in the soil (due to three times higher N). Such results are important for forest management in the context of understanding the timing and turnover of shorter-lived species like acacias, where higher N (through either litter or soil) might be better detected early in community establishment (when growth is faster and intraspecific competition more intense) but with that early signal subsequently dissipated.
Introduction
Understanding the mechanisms that control the biomass and density of trees in forests is important for ecological, economic, and conservation motivations [1] . For instance, growing forests sequester substantial amounts of carbon [2] , and as global atmospheric carbon dioxide (CO 2 ) continues to rise, understanding tree growth and the mechanisms that drive carbon accumulation and storage has become a pressing issue. Abiotic factors like climate, soil type, and disturbance frequency are known to be among the major determinants of the productivity of plant communities [3] . However, in recent decades, interest has shifted towards how community properties (e.g., number and relative abundance of species), and functional traits (e.g., [4] ), influence productivity [5] . This is particularly important in studies of community structure, because these features are amenable to experimentation and as a management tool. Additionally, since different plant species vary in their nutrient requirements [6] , it is possible that nutrient cycling is a fundamental feature contributing to the observed link between diversity and productivity.
The availability of nitrogen (N) limits productivity in many terrestrial ecosystems, and its increase typically promotes plant-community productivity [7, 8] . This effect is further facilitated through
1.
Field measurements on the standing pattern (size structure, density, and species composition) of mature trees, used as a proxy for productivity; 2.
Sampling and analysis of the soil-nutrient composition in the local environment (i.e., across field sites) and assessment of its relationship to site biomass; and 3.
Evaluation of the association between forest-litter quality (different species mixes) and quantity, and the rate of decomposition, as a measure of turnover.
Materials and Methods

Study Site
The field sites were located in a tall eucalypt forest at an altitudinal range of 310-440 m above sea level, on the foothills of Mount Wellington, in south-eastern Tasmania (42.895 • S-147.268 • E). Vegetation in the region is dominated by E. obliqua, a widespread and abundant tall tree found across south-eastern Australia, with the occasional occurrence of Eucalyptus regnans F.Muell and Eucalyptus delegatensis R.T.Baker. The community also contains two acacia species as sub-dominants: A. dealbata and Acacia melanoxylon R.Br. The understorey species included Bedfordia salicina D.C., Coprosma quadrifida (Labill.) B.L.Rob., Pittosporum bicolor Hook., and Pomaderris apetala Labill. The site is predominately covered by grey-brown podzolic soils on mudstone, classified as Kurosol under the Australian Soil Classification system [24] . Kurosol soil is known as being acidic and nutrient poor [25] with vegetation structure strongly dependent on rainfall [24] . The climate has warm, dry summers and cool, moist winters, with a mean annual precipitation of 720 mm and a mean annual temperature of 17.5 • C. We used the basal area of trees per unit area as a proxy for long-term integrated 'productivity' (>four decades of canopy-tree-biomass accumulation). The forest stand is even-aged, being a natural regeneration following a 1967 stand-replacing fire. The few trees that had obviously lived through the fire (e.g., diameter at breast height >100 cm were avoided during field measurements or excluded from analysis). For this study, we were interested in local heterogeneity across space, rather than temporal comparisons across different site histories. Landscape features were homogeneous across sites (e.g., little variation in topography, canopy, understory, and rock cover).
Site Selection and Survey Technique
To collect data on community structure and to examine the relationship between tree size and total basal area we surveyed 24 sites using a modified point-quarter method [26] , where each site was chosen using a random bearing and distance greater than 50 m from a randomly selected starting point located within the forest (Table S2 ). The tree closest in proximity to this distance and bearing was designated the starting tree. Each starting tree was identified to species level, and diameter at breast height (DBH in cm) was measured. From the starting tree, the nearest neighbour in each of four compass-bearing quadrants (northeast, northwest, southeast and southwest) was selected. These four trees were also identified to species level and their DBH was also measured, with distance from the starting tree determined using a laser meter. This nearest-neighbour selection method was repeated for each of the four initial trees, giving a total of 17 trees (including the starting tree) at each of the 24 sites.
Soil Sampling and Processing
Soil samples were collected during early autumn from within the study community. Nine of the 24 sites were selected to represent variation in the proportion of Acacia (nitrogen fixers) present, relative to total basal area of all trees (Table S1 ). At each of these Acacia sites, five sampling locations were selected using a random bearing (in NW, SE, SW, NE directions) and a random distance from the starting tree. Five soil cores (2 × 15 cm) were randomly placed in a 2 × 2 m quadrant within each location for a total of 25 soil core samples per site. A site's soil samples were then mixed and homogenised by passing through a 2 mm sieve, which removed large roots, litter, and rocks. To determine relative soil water content, a 10 g subsample from each site was dried in an oven at 110 • C for 48 h. A 5 g soil subsample from each site was also ground in a ball mill (MM200 Mixer Mill, Retsch GmbH, Haan, Germany) for total C and N determination via a controlled combustion process in a PerkinElmer 2400 Series II Elemental Analyser (PerkinElmer, Australia [27] ).
Assessing Field Nutrient Availability
To determine nutrient availability in the forest community, a 10 g subsample of each sieved soil sample was extracted with 40 mL of 2 M KCl to determine available NH 4 + and NO 3 − concentrations (Table S3 ). The tubes containing the soil and solution were shaken for 1 h, then centrifuged for 3 min at 4000 rpm. A total of 10 mL of supernatant was removed with a syringe and filtered through a Whatman No. 42, 2 µm syringe filter. The filtered extracts were analysed for NH 4 + and NO 3 − concentrations in a SmartChem Discrete Analyser (Westco Scientific Instruments, Brookfield, CT, USA). Additionally, a portion of the soil was also assessed to determine phosphorus (P) concentrations in the soil at each site using the extraction methods described in [28] : 2 g of soil was mixed with 40 mL 0.005 M NaCl 2 solution and shaken for 17 h, then the mixed solution was extracted and analysed using the syringe method described above, with available P concentration determined using a SmartChem Discrete Analyser.
Determining Nitrogen Mineralisation Rate
The N mineralisation rate of the soil from each of the nine subsampled sites was determined using published protocols [29] . Briefly, 20 g of fresh soil from each composite sample was incubated in a sealed 500 mL glass jar placed in a darkened incubator at 25 • C for 34 days. Jars were ventilated regularly to prevent soils becoming anoxic. Net N mineralisation, nitrification, and ammonification were calculated as the difference between initial total available N, NO 3 − , and NH 4 + concentrations and those measured following the incubation period (Table S4 ). The rates of nitrogen mineralisation (mg N g −1 soil) in relation to the proportion of A. dealbata in the community was analysed from incubation measurements from soil taken from nine sites, as the sum of NH 4 + and NO 3 − . Each of the nine sites had a different proportion of A. dealbata, and this natural cross-site variation was used to determine whether: (a) There were local-scale differences between nitrogen mineralisation rates and (b) there was a relationship between the proportion of A. dealbata and mineralisation rates of nitrogen.
Results were analysed with a linear regression, using the resampling technique described below in Section 2.6.
Statistical Methods
All statistical analyses were done in Program R v3.3.2 (R Core Development Team 2016, Vienna, Austria). A likelihood-based generalised linear modelling framework was used to assess experimental predictors and dependencies. For each data set, an a priori model set was created, and strength of support was evaluated by using Akaike's information criterion, adjusted for small sample sizes (AIC c ). Model weights were calculated using the MuMIn package [30] . Akaike weights (w i ) were used to assess model support; these represent the relative likelihood of a given model compared to others in the evaluation set (which can be of varying complexity and non-nested), by adjusting the likelihood for bias associated with fitting the parameters [31, 32] . The relative support from the data for competing models was evaluated using the evidence ratio (ER), the ratio of the respective model's w i . The percentage deviance (%DE) explained by each model relative to the null (intercept only) was used to assess structural goodness of fit.
In cases where multiple measurements of the dependent variable were taken at each level of a predictor (see Section 3.4), resampling was used (with one outcome selected randomly for any given predictor level and repeated 10,000 times) to avoid pseudoreplication, with the models fitted repeatedly to each subsample. The median prediction from the set of models fitted to the resampled data was used to determine the slope of the predictor and 95% confidence intervals. As a check, these were also compared to models fitted to the medians of the raw data (i.e., ignoring within-sample heterogeneity).
The 24 plots were analysed to assess the influence of Acacia sp. on Eucalyptus sp., and total site productivity. In this case, the a priori models represented additive combinations of the following predictors (of varying complexity): Proportion of A. dealbata biomass, the average size of A. dealbata, the number of species, or the variance of the pairwise distances between trees. Dependent variables were total basal area of a site or, alternatively, the average size of the eucalypts (DBH cm).
To test whether the availability of soil nutrients (C and N) had an influence on the average size of eucalypts or the total basal area (see Section 3.3), fitted linear models were restricted to either one or two terms due to sample-size limitations (nine total sites). Average size of A. dealbata was determined to be the most important factor influencing site productivity during the 24-plot analysis (Section 3.1 and see Results), and therefore was included as a control term in all a priori models. The other predictor variable assessed was either: C, N, or pre-total mineralisation of N. Phosphorus was also considered but there were negligible differences across sites.
Laboratory Litter Experiment
The impact of litter quality and quantity on decomposition rate was determined experimentally by manipulating the relative contribution of litter from the three co-occurring species in the field sites (E. obliqua, A. dealbata, and P. apetala). Newly senesced leaves of the three tree species were collected from each of the 24 sites. The leaf litter was combined to give a representative sample of each of the three species across the entire field site and subsequently dried in an oven at 110 • C for 24 h. Leaves were shredded in an adapted coffee grinder and then ground to powder in a ball mill (MM200 Mixer Mill, Retsch, Haan Germany).
We developed seven treatments ranging from 100% contribution of a single species to equal proportions (i.e., an even mixture; Table 1 ). The total weight of litter was controlled at 2 g, with 10% of the total weight as sieved pasteurised sand (20 g), which eliminated the effect of existing soil organic matter interfering with the effect of litter amendment on the incubations. Three replicates were prepared for each treatment, each with a different dominant species contributing the largest percentage of litter to the mix, yielding a total of 63 replicates, with three 'no litter' controls. Litter was apportioned into appropriate weights based on the percentage contribution of the species (from 0% to 100% contribution: Table 1 ) and placed in a 60 mL specimen container in a 500 mL glass jar containing the pasteurised sand. A 2 mL soil slurry solution was added to each jar, being prepared by mixing 50 g (fresh weight) of soil taken from the study site (Section 2.1), with 100 mL of deionised water. The soil was added to the incubation containers with a minimum of additional soil organic matter such that there was a consistency across each treatment. Additionally, samples were supplemented with 2.6 mL of deionised water to bring them to 60% field capacity, which is within the range of soil water content (50%-70%) that has been shown to encourage optimal microbial activity [33] . Field capacity was determined by flooding a 3 g subsample of soil and allowing it to stand for 30 min before draining the free water on a porous ceramic plate and then weighing to obtain water content at field capacity [34] . The subsample was then oven-dried for 24 h at 105 • C to obtain soil dry weight. To control for the respiration rate of the organic matter present in the soil slurry, inoculum blanks consisting of sand and the soil slurry (but no added litter) were also prepared. The sealed jars were incubated in the dark at 25 • C. Gas samples were obtained after 1, 2, 4, 7, 10, 14, 18, 23, 30, and 35 days of incubation. Daily C mineralisation results for the litter experiment were analysed to determine the amount of potentially mineralisable C using a nonlinear differential model (two-pool model with one pool constant), as follows:
where dC dt is the cumulative amount of C mineralised at time t (per day in this case), C a is the amount of C in the fast or labile C pool, k at is the respiration rate constant of CO 2 evolution from the active pool, and r is the non-labile soil C respiration rate, which is effectively a constant over timescales less than a year (e.g., [33] ). We assumed the labile C pool to have come directly from recent plant inputs (e.g., labile C compounds in litter [35] ). Decomposition rates were corrected for CO 2 release from the inoculum by subtracting the daily mean CO 2 release of inoculum blanks from each experimental unit.
We then explored the differences in the rate of decomposition of the labile carbon per day and the proportion of Acacia in the litter over time. A linear regression was fitted to the resampled nitrogen composition taken at each proportion of A. dealbata (see next section). To determine the differences in carbon mineralisation of litter over time, each of three species: E. obliqua, A. dealbata, and Bedfordia sp. were measured for cumulative CO 2 evolution during litter incubation over a 40 day period and analysed using the Michaelis-Menten equation (a three-term nonlinear saturating model). Although the Michaelis-Menten equation (MME) is commonly used as a simple representation of enzyme kinetics, it can also serve as a useful two-parameter characterisation of any system that exhibits some type of reaction velocity with a non-linear saturation (via estimation of a maximal rate and half-saturation parameter, with a start at the origin). We agree that soils, being complex mixtures, are unlikely to follow any single, simple reaction dynamics. We instead assume that the overall response will be MME-like but fit the model as a phenomenological rather than overtly mechanistic descriptor of the aggregate system response. The fact that it fits extremely well (See results, R 2 ranging from 90%-94%) gives confidence in this approach.
Results
Relationship between Size of Trees and Total Basal Area across All 24 Plots
The average size of A. dealbata (biomass) was the best predictor for total basal area across the 24 plots (df = 3, wAIC c = 0.32), explaining 12% of the total deviance. There was little information-theoretic support for the saturated model (containing all three variables), nor for the two predictor variables (i) variance of distances between trees (df = 3, wAIC c = 0.13) and (ii) proportion of A. dealbata (biomass) (df = 3, wAIC c = 0.10); these were no better supported than the null expectation. Average tree size of A. dealbata (biomass) in additive combination with the variance of distances between trees was the best model for predicting average size of eucalypts (df = 4, wAIC c = 0.46, %DE = 29.1), followed by the saturated model (df = 5, wAIC c = 0.35, %DE = 36.5). A post hoc analysis suggested that of the two best predictors for average size of eucalypts, variance of distances between trees was 1.6 times better supported than the average size of A. dealbata (biomass). See Supplementary Materials for all raw data associated with the linear models and associated analyses.
Local Soil Nutrient Availability
There was a positive relationship between soil mineral N availability and soil C content (%) (R 2 = 0.51, slope = 1.680, 95% CI = 0.4-2.90; Figure 1a ), indicating that nitrogen availability was dependent upon the amount of organic matter in the soil. However, neither soil total N (%) content nor available mineral nitrogen concentrations were related to the basal area of A. dealbata across the nine sites sampled (R 2 = 0.03, slope = −0.01, 95% CI = −0.03-0.02 and R 2 = 0.04, slope = −0.29, 95% CI = −1.40-0.81, respectively; Figure 1) . Conversely, A. dealbata average size did show a strong negative relationship to soil mineral N availability (R 2 = 0.47, slope = −0.61, 95% CI = −1.10-0.12), but not to soil N content (%) (R 2 = 0.19, slope = −0.01, 95% CI = −0.03-0.01). This result shows that none of the predictors for nutrient availability in the soil were predictive of total basal area of A. dealbata. Total soil organic matter quantity in terms of total soil nitrogen (%) and the total basal area at each soil site and (c) Available mineral N present at each site and the relationship to total basal area of A. dealbata.
Local C and N Dynamics
Since C mineralisation is an enzymatic process, its rate is dependent upon the availability of substrate; as expected, there was a clear relationship in our analysis between C mineralisation rate and soil organic matter content, whether expressed as total soil C or N (R 2 = 0.47, slope = 1371, CI % = 275-2467 and R 2 = 0.65, slope = 96.0, CI % = 42.4-149.6, Figure 2) . Thus, the rate of soil organic matter decomposition was dependent upon the quantity of organic matter present. There was a strong positive correlation between field-mineral-N availability and measured nitrification rate in the laboratory (r = 0.79). Therefore, the measurement of soil nitrogen availability of field samples corresponded well with measured rates of nitrogen transformation. There was also a strong relationship between rates of N transformation, ammonification, and nitrification (r = 0.64), demonstrating that the rate of nitrification was dependent on the rate of net ammonification, and vice versa.
However, there was only a weak correlation between nitrification and total N mineralisation (r = 0.33). Indeed, nitrification rates were relatively stable across the range of sites in comparison to the wide range of ammonification rates (Figure 3) . There was by contrast, a strong positive relationship between net ammonification and net N mineralisation rates (r = 0.94, Figure 3) , indicating that the supply of mineral N in this system was related to the conversion of organic N to ammonium. 
Relationship between Litter Quality, Quantity, and Litter Decomposition
Field samples from communities with A. dealbata had almost three times more nitrogen in the litter (2.57% ± 0.11%) compared to E. obliqua (0.53% ± 0.03%) and Bedfordia sp. (0.80% ± 0.05%), and thus a lower C:N ratio. A higher proportion of A. dealbata in the litter (%) subsequently led to a higher release of labile carbon during the litter-decomposition experiment (Table 2; Figure 4 ). Both approaches to fitting this relationship statistically: (i) The median of the resampled points and (ii) the initial linear model to the median points, yielded nearly identical R 2 (indicating a negligible effect of pseudoreplication). The resampled fits of the Michaelis-Menten saturating equation (MM) for the cumulative CO 2 evolved from the decomposition of the litter was similar for each of the three species (Table 3; Figure 5 ). Although both median and resampled fits yielded a similar R 2 , the resampled model did reveal subtle deviations in the data, but had little to no influence on the R 2 , with A. dealbata showing the largest variation of R 2 between models (1.9% difference). A. dealbata had the lowest half-saturation point for the cumulative carbon mineralisation, reaching it faster than E. obliqua and Bedfordia. However, all species released a comparable total amount of CO 2 per gram of litter, as indicated by the similar asymptotes of the MM equation (Table 3) . Table 3 . The model fit (R 2 ) for each species for the cumulative CO 2 evolved from the decomposition of the litter: Initial Michaelis-Menten equation fit to the median data points, and the resampled data (median model prediction). Shown is the asymptote (α), half saturation point (β), and corresponding 95% confidence intervals, for each species.
Model (Median)
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Discussion
We have shown that experimental mixtures of plant species from Australian eucalypt forests that contain a higher proportion of nitrogen-fixing A. dealbata litter have higher decomposition rates (Figures 4 and 5) . This was driven primarily by the three-fold increase in nitrogen (N) content in A. dealbata litter compared to, for example, B. salicina (another understorey tree) and the canopy-forming E. obliqua. This result is supported mechanistically by previous studies (e.g., [36, 37] ) showing that decomposition rates of litter mixtures are driven predominantly by substrate quality, particularly the amount of C and N in the litter mixtures. Plant functional traits, such as nitrogen fixation, are key drivers of higher-quality substrates in forest ecosystems, with the potential to mediate and control plant abundance, biomass, and composition via inherent differences between species in quality (C:N, lignin:N) and quantity (%C, %N) of plant litter [38] . Indeed, the quantity of carbon (C) in the soil at our Tasmanian forest sites was the best predictor of average eucalypt tree size, followed by the average size of A. dealbata (Figure 1 ). Studies that have examined this phenomenon in other forests have demonstrated that the identity and functional traits of litter-creating species can surpass species diversity as the main driver of decomposition [39] [40] [41] [42] .
Given that A. dealbata presence and abundance indirectly controls litter decomposition via nitrogen availability and was consequently a useful predictor of average E. obliqua tree size, this research supports the hypothesis that N availability and cycling would be higher in sites with a greater A. dealbata biomass. Our results align with those of [23] , who demonstrated that the presence of Acacia mearnsii (another N-fixer) influenced the quantity and rates of N and P cycling in Eucalyptus globulus mixed forests compared to monocultures, in an 11-year experimental trial. Similar relationships have also been found in boreal forests, grasslands, and tropical forests, through field N fertilisation trials [42] [43] [44] and in laboratory experiments [45, 46] . However, in our study, there was no observable relationship between A. dealbata biomass and the total amount of organic matter (C and N) or the concentrations of NH 4 + , NO 3 − or with total mineral N and P in the soil, despite high heterogeneity among sites in N availability and cycling ( Figure 3) . Further, we found no correlation between total available soil-mineral N and average A. dealbata tree size. As A. dealbata was the sub-dominant canopy species in our forest system, and there was 30% more biomass of A. dealbata relative to other sites, the potential for N-rich soil from N-fixers with high N litter should have been realised. As such, this null result demands an explanation. There are several plausible reasons as to why a higher N content was not observed at sites with high A. dealbata biomass (Figure 1) , with these inferences potentially useful for forest management during early succession and development. Two leading candidates are: (1) A. dealbata is a nitrogen fixer and therefore is not reliant on high soil N to grow, whereas this might be limiting for other species (such as E. obliqua); and (2) due to the relatively short lifespan of A. dealbata (~40 years) compared to E. obliqua (>100 years) [47] , a higher N litter might have been present during the early stages of forest succession, when growth was faster and intraspecific competition more intense, but that early signal has since dissipated (e.g., [48, 49] ). The development of a forest is characterised by both changes in structure and succession, with concomitant consequences for productivity of standing forests and regrowth [50] . For example, restoration of forest ecosystems with multiple forest species helps rebuild multiple functions, such as species structure, litter composition, and soil nutrients of an area [9, 51] . Selective logging of natural forests is a form of disturbance, and management plans require some older trees to be left in a logged area for animal habitat and seedling regeneration. Our results suggest that complimentary tree species, such as A. dealbata and E. obliqua, should be left in such areas, to maintain the overall functionality, especially during early successional development [52] . However, our experimental results only show that complementarity and nitrogen facilitation can occur, whereas determining this relationship explicitly within a natural setting (such as [53, 54 ] is challenging to demonstrate, especially in the face of inevitable inter-site heterogeneity).
In terms of confounding effects, there are also many factors that can influence environmental and topographic heterogeneity within eucalypt forests, which might act to mask any relationship and thus cause the field results to deviate from the expectations of the experimental incubations. For example, the realised distribution of A. dealbata litter at the field sites might be influenced by localised erosion or mineral dilution of litter and topographic variation, causing the build-up of litter in soil depressions or exclusions from mounds, but which were not reflected in controlled soil collections. The few studies that have examined patterns of litter fall dispersal and collection in field conditions support the notion of high heterogeneity in litter-sample collection, finding large disparities between the location of the litter source (local tree canopy) and the actual litterfall sample that was collected [55] . Similarly, [56] found that under-representation of certain components of vegetation, such as litter, can have important implications for the estimation of forest productivity and nutrient cycling, leading to a scale mismatch between sample points and the character of the soil across the forest.
While this study focussed in detail on N transformations and cycling within a Tasmanian eucalypt forest system, N losses could not be determined explicitly or assessed in the field. Leaching of N from the soil at field sites might contribute to the low N availability; this suggests that future studies should focus on determining how much N is below the 15 cm of topsoil that was collected in our sampling protocol. Stable isotope tracing is one method that could be used to track N pathways through the soil, providing information of N availability and movement at various depth stratifications. If leaching does occur, then it is likely that N will accumulate further down the soil profile. This effect might have been exacerbated by the overwhelming dominance of the deep-rooted E. obliqua (numerically and in terms of biomass), whose leaves, due to variations in litter characteristics between the two species such as litter size, mass, decomposability and chemical composition [57, 58] , dominate the surface litter composition, and yet it is able to access historically deposited nutrients that are now only found deep in the soil profile.
Conclusions
In conclusion, we have presented an experimental and field-observational snapshot of nutrient dynamics within a typical eucalypt forest community from southern Australia. We have demonstrated the importance of understanding litter decomposition, but also the need to quantify how different sources of N can impact N availability and cycling. Repeated sampling across a larger range of seasons in Tasmanian eucalypt forests (including wet and dry periods) would be important to provide a temporal component to a spatially complex process. Our results also highlight the difficulty in defining ecosystem processes and function using any single mechanism in forests-even one so apparently clear cut as N availability-because of the many processes that ultimately interact to determine the size of trees and relative abundance of species.
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